ride incorporation into pectin, diverts carbon away from protein and oil deposition in soybean seed (Stombaugh Seed cell wall polysaccharides (CWPs) represent a significant por- et al., 2000, 2003). QTLs affecting sugar composition of maize (Zea mays synthesized from monosaccharide precursors such L.) pericarp cell walls. A QTL analysis of CWP concenthat their concentration and polymerization pattern detration or composition of legume seed has not been termine CWP properties and function. In soybean seed, reported. One reason for this paucity of CWP studies CWPs comprise a significant part of the total DM deposis that analytical procedures required to quantify CWP ited during seed development. For example, CWPs averare relatively expensive, thereby limiting the numbers aged 165 g kg Ϫ1 DM in whole seed from a sample of 14 of individuals that can be used in a QTL analysis. Neversoybean genotypes from Maturity Groups 00 to I and theless, our previous research (Stombaugh et al., 2000, exhibited significant genotypic and environmental vari-2003) indicated that there were significant genotypic ation (Stombaugh et al., 2000) . The bulk of seed CWPs differences in soybean seed CWP. In an effort to further occurs in the cotyledons of a soybean embryo (seed withcharacterize the regulation of CWP deposition in soyout seed coats) and is composed of approximately 76% bean seed, we initiated a QTL analysis. The objectives pectin and 24% cellulose plus hemicellulose (Daveby of this study were to quantify variation in CWP monoand Å man, 1993; Stombaugh et al., 2000) . The CWP saccharide concentration and composition in the Minconcentration is negatively correlated with the sum of soy ϫ Archer RI population, identify QTLs associated protein and oil (protein ϩ oil). These observations sugwith these traits, and estimate the amount of variability gest that CWP synthesis, and specifically monosacchaaccounted for by each QTL. We also investigated poten- 1993; Orf et al., 1999a Orf et al., , 1999b similates into CWP and thus increase the percentage of The data for the RI lines were analyzed as a randomized oil and protein, allowing the development of cultivars complete block design using years (1997 and 2000) as blocks in with higher quality and more valuable soybean seed.
is potential for many QTLs controlling trait variability.
There are very few studies reporting QTL analysis of CWP concentration or composition in plants in general and especially in seed. Hazen et al. (2003) reported on T he CWPs cellulose, pectin, and hemicellulose are QTLs affecting sugar composition of maize (Zea mays synthesized from monosaccharide precursors such L.) pericarp cell walls. A QTL analysis of CWP concenthat their concentration and polymerization pattern detration or composition of legume seed has not been termine CWP properties and function. In soybean seed, reported. One reason for this paucity of CWP studies CWPs comprise a significant part of the total DM deposis that analytical procedures required to quantify CWP ited during seed development. For example, CWPs averare relatively expensive, thereby limiting the numbers aged 165 g kg Ϫ1 DM in whole seed from a sample of 14 of individuals that can be used in a QTL analysis. Neversoybean genotypes from Maturity Groups 00 to I and theless, our previous research (Stombaugh et al., 2000, exhibited significant genotypic and environmental vari-2003) indicated that there were significant genotypic ation (Stombaugh et al., 2000) . The bulk of seed CWPs differences in soybean seed CWP. In an effort to further occurs in the cotyledons of a soybean embryo (seed withcharacterize the regulation of CWP deposition in soyout seed coats) and is composed of approximately 76% bean seed, we initiated a QTL analysis. The objectives pectin and 24% cellulose plus hemicellulose (Daveby of this study were to quantify variation in CWP monoand Å man, 1993; Stombaugh et al., 2000) . The CWP saccharide concentration and composition in the Minconcentration is negatively correlated with the sum of soy ϫ Archer RI population, identify QTLs associated protein and oil (protein ϩ oil). These observations sugwith these traits, and estimate the amount of variability gest that CWP synthesis, and specifically monosacchaaccounted for by each QTL. We also investigated poten- 
MATERIALS AND METHODS
feature of PLABQTL was used to detect QTLs as described by Orf et al. (1999b) . Markers, assay methods, and linkage Minsoy, Archer, and 108 Minsoy ϫ Archer RI lines (Mansur group designations were previously described in Orf et al. et al., 1993) were grown in Minnesota at Waseca in 1997 and (1999b) . For whole seed, QTLs were determined for each Rosemount in 2000 in uniform field trials. The seed analyzed year and for both years combined. A LOD score of 3.2 was was sampled from small plot, combine-harvested two-row designated as the threshold to identify significant QTLs. plots 3.7 m long which were end-trimmed at harvest to 2.5 m. The row spacing between plots was 75 cm and plots were
RESULTS
planted at 375 000 seed ha
Ϫ1
. The RI lines were divided into blocks based on maturity. Each block had two replications
Phenotypic Variation and Correlations
(plots) of each RI line using a randomized complete block design. In each year, seed harvested from the replicates were
The average concentration of monosaccharides, CWP, combined into a single sample for analysis. Whole seed were oil, and protein in whole seed of Minsoy and Archer, ground, defatted, and analyzed for CWP content using the and in whole seed and embryos (seeds without seed Uppsala total dietary fiber method (Theander et al., 1995) as coats) of the Minsoy ϫ Archer RI lines are shown in described by Stombaugh et al. (2000) . Briefly, samples were in Whole Seed the same region of U7 (Satt174-Satt211) were observed for galactose, Ara/Gal, pectin, and CWP, and explained Fucose, arabinose, and galactose content of whole 27, 19.5, 22.3, and 16.5% of the phenotypic variation, seed exhibited relatively high heritability in the RI popularespectively. A minor QTL for glucose content on U21 tion compared with the other monosaccharides (Table 1) .
explained 13% of the variation. Seed weight exhibited Whole seed data were analyzed for QTLs separately for a QTL on U14 that accounted for 13% of the variation. the 2 yr and across the 2 yr (Table 3 ). Significant QTLs Protein exhibited a minor QTL on U22 in 1997 and the were detected for fucose, glucose, galactose, arabinose, 2-yr average, but there was no QTL detected for oil. A Ara/Gal, pectin, CWP, protein, and seed weight of whole QTL located on U24 represented 45.2% of arabinose seeds of the RI population averaged across the 2 yr (Table 3) . A major QTL located on U3 explained 37.8% variation. While the same QTLs were identified in all three analynose, arabinose, and galactose (Table 2) . These results ses (1997, 2000 , and the 2-yr average) for some traits, indicated that the Minsoy ϫ Archer RI population such as fucose, galactose, and arabinose concentration, would be useful for dissecting these relationships and most traits were not this consistent (Table 3 ). The same that the QTL analysis is likely representative of the QTL was detected for pectin in all three analyses, but genetic control of these seed constituents in soybean an additional QTL was located using year 2000 data.
cultivars. The negative relationship between the sum of Glucose was the only monosaccharide for which a QTL protein and oil with CWP concentration suggests that was detected for the 2-yr average data, but not for either synthesis of the monosaccharides and their incorporaindividual year (Table 3 ). Significant QTLs for fucose, tion into CWP diverts carbon away from protein and galactose, and arabinose composition of CWP were deoil deposition (Stombaugh et al., 2000 (Stombaugh et al., , 2003 . The QTLs tected in the same locations as determined for the confor specific monosaccharides at three different genomic centration of these monosaccharides expressed on a locations were detected across both years of the study. seed DM basis (U3, U7, and U24). The QTL for glucose
The numbers of lines per year was restricted to 108 content expressed on a DM basis on U21 was not obbecause of the expense of CWP analysis. Although this served when glucose was expressed on a per-CWP basis population size provides reliable identification of QTLs, (data not shown).
estimates of the magnitude of their effects can be overestimated (Beavis, 1998) . Thus, we regard these estimates
Embryo Cell Wall Polysaccharide
as simply informational at this point. Certainly, larger populations with more replication will need to be evaluComparing the embryo QTLs with QTLs from whole ated to accurately determine the impacts of these QTLs. seed in 1997, more QTLs were observed after removal This will require development of more economical anaof the seed coat; however, most of these were marginally lytical methods for quantifying monosaccharides. significant (Table 4) . Some QTLs were specific to emThe CWP traits in whole soybean seeds must be interbryo tissue. The fucose QTLs on U14 and U19 were preted with some caution because two different plant unique to this tissue, as were the arabinose QTL on parts (seed coat and embryo) are combined. Soybean U12, glucose QTL on U19, and xylose QTL on U9. In seed coat cell walls are primarily composed of hemicelembryos, galactose, rhamnose, glucose, and CWP QTLs lulose and cellulose (Stombaugh et al., 2000) . The negawere observed on U7 near the location determined in tive correlations of xylose, glucose, and mannose (the whole seed. While the location with the highest LOD major monosaccharides of hemicellulose and cellulose) score for QTLs on U7 varied between whole seed and with seed weight may reflect the simple observation that embryos, the U7 QTLs all exhibited a similar pattern smaller soybean seeds tend to have higher seed coatacross the linkage group (data not shown).
to-embryo DM ratios compared with large seed. The major QTLs at U3, U7, and U24 observed in whole
DISCUSSION
seed were present at or near the same loci in embryos with similar LOD scores, indicating that the variation This is the first report of QTL analysis of soybean seed giving rise to these QTLs was derived from the embryo CWPs. The relationships between the monosaccharides, and not the seed coat. This conclusion is consistent with pectin, CWP, protein, oil, the sum of protein ϩ oil, and the observation that the bulk of these monosaccharides seed weight in the RI lines were generally the same are in the embryo (Stombaugh et al., 2000) . as previously reported for whole seed of 14 soybean A region of U7 exhibited QTLs for galactose concengenotypes from Maturity Groups 00 to 1 grown at four tration and composition, and the Ara/Gal, which was locations in Minnesota (Stombaugh et al., 2000 (Stombaugh et al., , 2003 .
previously shown to be negatively correlated with yield Specifically, there were significant negative correlations for the sum of protein and oil with pectin, CWP, rhamand maturity, pectin, and CWP content (Stombaugh et al., 2003) . The pattern of QTLs on U7 in whole seed ert, 2004). Likewise, incorporation of the monosacchaand embryos were very similar, with the exception of rides into CWP is complex and poorly elucidated. The detecting significant QTLs for glucose and rhamnose in QTLs were detected for fucose, galactose, and arabinose embryos compared with the whole seed, indicating that in our study; these monosaccharides with rhamnose and seed coat CWP content obscured these QTL in whole the uronic acids are primarily incorporated into pectic seed analysis. The number of QTLs in the U7 region is polysaccharides. This family of complex polysaccharides unclear. There appears to be more than one. However, requires a large number of biosynthetic steps for monothis region of Linkage Group U7 is not well saturated saccharide precursor synthesis and incorporation into with markers, making it difficult to discern how many the cell wall (Ridley et al., 2001) . The complex structure QTLs are at this location.
of pectin suggests that several control points may be The region of U7 that exhibited the CWP QTLs has resolved as QTLs. The absence of QTLs for multiple also been shown to be important for oil and protein monosaccharides at the same genomic locations in soycontent in other populations and studies. A QTL for bean (Tables 3 and 4 ) may reflect variation in the regulaprotein content has been reported in this region of U7 tion of the synthesis of the various monosaccharides, in a Minsoy ϫ Noir RI population; however, no protein which in turn are incorporated into pectin at ratios re-QTL was detected in our study or has been reported flecting their synthesis rates. on U7 in the Minsoy ϫ Archer RI population (Orf et Soybean pectin is composed of rhamnogalacturonic al., 1999b), suggesting lack of polymorphism for alleles acid backbones, with rhamnose being used as branch of this protein QTL in the population. A significant oil points for galactose and arabinose homo-and hetero-QTL was reported at this location on U7 in the polymer side chains (Aspinall et al., 1967; Huisman et Minsoy ϫ Archer RI population (Orf et al., 1999b (Orf et al., ). al., 1999 (Orf et al., , 2001 ). As such, regulation of rhamnose and Although we did not detect this oil QTL on U7, these galacturonic acid incorporation into polysaccharides results suggest that genes in this region of the genome may vary the amount of galactose and arabinose incorare involved in determining the deposition of oil, proporated. However, the soybean monosaccharide data tein, and CWP in soybean seed. The QTLs for protein for the RI population we studied indicated that there and oil are present in duplicated soybean genomic rewere no QTLs detected for total uronic acids, and only gions described by Shoemaker et al. (1996) . Only the one at U7 for rhamnose in embryos. This observation fucose U3 QTL and the multitrait U7 locus were in suggests that most of the variation in pectin and CWPs these duplicated regions (Tables 3 and 4) . Thus, it is was caused by increases in galactose and arabinose concenpossible that with QTL mapping of seed CWP monosactration of the CWP. This suggests that at the enzymatic charides in different RI populations, similar relationlevel, pectin formation may be regulated by transferases ships among the duplicated regions of the soybean gethat control the frequency and length of galactose-and nome will emerge, and that these genomic regions may arabinose-containing side chains added to the rhamnocontrol the content of multiple monosaccharides. galacturonic acid backbones. Further investigations will Interpreting the soybean QTL data in relation to the be required to test this hypothesis. A number of genes synthesis of CWP is a major challenge. There are no coding for enzymes involved in CWP synthesis have similar studies analyzing seed CWP in soybean or other been identified as a result of extensive efforts to elucidicots, including Arabidopsis thaliana (L.) Heynh. A date plant cell wall biosynthesis and of plant genomics recent study in maize described QTLs controlling the efforts. Mapping these genes in RI populations to determonosaccharide content of the pericarp (Hazen et al., mine their relationships with QTLs identified in this 2003). Two QTLs on maize chromosome 3, one for study will be a useful approach to further investigating arabinose ϩ galactose and one for arabinose, were aligned the genes controlling the CWP QTLs. with a syntenic region of the rice (Oryza sativa L.) genome. Hazen et al. (2003) observed that among numer-REFERENCES ous genes linked to these QTLs, two encoded putative glycosyltransferases. Unfortunately, physical mapping
